Competition usually involves the allocation of limiting resources to non-reproductive functions. Natural selection is expected to favour mechanisms that increase competition with non-self neighbours and limit wasteful competition with self. 2 We used Pisum sativum plants that had two roots and 'double plants' with two shoots and two roots that could be either longitudinally separated into two genetically identical but physiologically distinct individuals or left intact. 3 Root development was significantly greater in split-root plants whose neighbours belonged to different plants. Furthermore, root development was relatively greater in the presence of roots of a different plant, regardless of its identity. This discrimination had a vectorial component whereby plants developed more and longer lateral roots towards neighbouring roots of different plants than towards other roots of the same plant.
Introduction
In both plants and animals, competition has led to two main types of evolutionary responses, those that increase competitive ability and those that minimize competitive interactions (e.g. for plants, Schmitt et al . 1995; Smith 1995; Nardini et al . 1999; Schmitt et al . 1999; Grime 2001) . In animals, niche specialization is widely thought to be a common adaptation to minimize interspecific competition (Tokeshi 1999) . In contrast, the potential to minimize interspecific competition has been thought to be relatively limited in plants, because they depend on the very same resources and niche specialization is less likely (e.g. Goldberg & Barton 1992) .
Competition usually entails allocation of limiting resources to non-reproductive functions (Novoplansky et al . 1990; Dudley & Schmitt 1996; Weinig 2000) . Consequently, natural selection should favour mechanisms that minimize competition among parts of the same individual (e.g. Kimura & Simbolon 2002), clonemates and kin (e.g. Grosberg & Hart 2000) . Both plants and animals use internal chemical signals to coordinate the form and function of different parts of the same individual (e.g. for humans, Dubey et al . 2002; for plants, Snow 1931; Honkanen & Haukioja 1994; Whitehead et al . 1996; Sachs & Novoplansky 1997; Henriksson 2001) . In the absence of movement plants also use genetically deterministic architectural rules to decrease self-interference among photosynthetic organs (e.g. Honda & Fisher 1978; Hallé et al . 1978; Bell & Tomlinson 1980) , and roots (Fitter et al . 1991) . However, the potential to minimize self-competition has been thought to be relatively limited in plants, because only animals were known to possess self/non-self discrimination capabilities (Grosberg 1988; Frank et al . 1996; Grosberg et al . 1996; Hart & Grosberg 1999; Penn & Potts 1999; Richman 2000) . Clonal animals, such as sea anemones, can attack individuals belonging to different genetic clones while avoiding attacking individuals of the same clone (Sebens 1986; Ayre & Grosberg 1995; Ishii & Saito 1995) . Furthermore, many social animals are able to discriminate behaviourally between individuals with different degrees of genetic relatedness (e.g. Krebs & Davies 1997) .
However, recent evidence suggests that roots are able to detect and avoid the presence of neighbouring roots (Krannitz & Caldwell 1995) , and to segregate spatially in 'territories' (Schenk et al . 1999 ). The evidence suggests that there appear to be at least two different types of self/non-self discrimination. Mahall & Callaway (1991 , 1996 found that roots of Ambrosia are capable of reducing root elongation following interplant but not intraplant root contacts, and Gersani et al . (2001) demonstrated that Glycine max plants increase root development in the presence of neighbouring conspecifics but not in the presence of other roots on the same plant. Avoidance of root competition among clone members was also observed in Fragaria chiloensis , where clonal integration allowed higher clonal performance . These findings raise questions regarding self/non-self discrimination in roots: (a) How common is the ability of plants to discriminate between self and non-self neighbours? (b) What mechanisms are used in root self/non-self discrimination? Is it based on allogenetic recognition such as in other self/non-self systems (e.g. Penn & Potts 1999; Grosberg & Hart 2000; Dixit & Nasrallah 2001) or on physiological coordination among roots that are part of the same plant (Snow 1931) ?
Using Pisum sativum plants we were able to create plants that had two equal roots ('split roots') and 'double plants' that had two equal shoots and two equal roots (Sachs & Novoplansky 1997) . We used split-root plants to compare roots that developed in the presence of another root of the same plant vs. the root of another plant. We then compared the development of intact and severed double plants, in order to define the role of physiological coordination. The severed plants were arranged so that both of their halves either originated from the same mother plant (i.e. they were genetically identical but physiologically separated) or from two different mother plants (genetically and physiologically alien to each other). In a third experiment we studied the possibility that roots develop differentially towards self and non-self neighbours.
Materials and methods
 / - :  -   Pisum sativum var. arvense Poir. cultivar Dunn plants were grown so that they developed two equal roots following removal of the seminal root ('split-root plants'; Fig. 1a , e.g. Jeschke & Wolf 1988) . Two days from germination, the seminal root was severed 5 mm below the hypocotyl and the plants were replanted in damp vermiculite. By 7 days from germination the stump of the seminal root had developed two to five lateral roots. All but two of these roots were removed. Seedlings with two 25-30 mm long roots were planted in triplets so each pot contained either two roots of the same plant (SELF) or of two different plants (NON-SELF) (Fig. 1) .
This design allowed identical positioning of shoots and roots of neighbouring plants in the two treatments. Special attention was paid to ensuring that roots were vertical and that there was identical spacing between the roots and between the roots and the pot wall in all cases. The plants were grown in standard 60-mm diameter 0.085 L polyethylene pots filled with extrafine vermiculite, which were glued together in triplets to fix their relative positions. Plants belonging to the same triplet had the same initial root and shoot sizes ( ± 1 mm). As the development of different plants sharing the same non-self triplet was interdependent, the scores in both treatments were based on triplet averages (i.e. number of replications equals the number of triplets, each triplet represented by the average score of three root pairs). Measurements were made 18 days after the experiment started, 25 days after germination.
   / - 
Pisum sativum arvense Poir. cultivar Dunn plants were grown so that they had two shoots and two roots ('double plants' ; Sachs & Novoplansky 1997) . Seeds were soaked for 24 h in aerated water. They were germinated in damp vermiculite with their radicle pointing downwards. Three days later the plumule was removed and two shoots then developed from the cotyledonary buds (Snow 1931) . Eight days from germination, the seminal root was severed and regenerated as described for the split-root experiment above. The regenerative 'double plants' were selected so that they had two equal, 47-59 mm long shoots and two equal, 25 -36 mm long roots. The length variation allowed between the two shoots or the two roots of the same plant was less than 3 mm. Plants fulfilling these criteria constituted approximately 5% of the seedling batch.
'Double plants' were either longitudinally severed into two genetically identical but physiologically separate individuals or left intact. Each plant (or set of two plant halves) was planted in the middle of a 0.085-L well-drained pot filled with extra-fine vermiculite. They were assigned to one of three treatments ( Fig. 2) : INTACT, in which the two plant halves remained physiologically integrated; TWINS, in which the two plant halves originated from the same individual plant but were physiologically separate; and ALIEN plants, in which the two plant halves originated from two different individual plants and were physiologically separate.
A strip of Parafilm (Brand, Germany) was placed between the severed halves of the shoot and the hypocotyl of TWINS and ALIEN plants to prevent direct contact while allowing the same physical alignment of the plant halves as in INTACT plants. Measurements were made 18 days after the experiment started, 31 days after germination.
  / - 
An experimental system was developed so that the directional growth of Pisum sativum roots could be directly observed and measured without perturbation. Double plants were grown and treated as described above, but plants were arranged to allow free development of roots that were equidistant from neighbouring roots of either the same or other plants (Fig. 3) .
In order to avoid edge effects additional plants were planted at equal distances on each side of the target plants (Fig. 3) , Each experimental pot therefore included four plants but only the inner 'target roots' (the right root of the left target plant and the left root of the right target plant) were scored ( Fig. 3) . At the beginning of the experiment the plants were 9 days old and each plant had two 25 ± 3 mm long roots and shoots. The growth chambers were 50 cm deep, 40 cm wide and 4 cm broad, and were slanted at 30 ° to promote growth of roots along the lower transparent wall of the chamber (e.g. Kuchenbuch & Ingram 2002) . Pots were randomly assigned to INTACT, TWINS or ALIEN treatments and their position on the bench was altered every 3-4 days. The transparent walls were covered by opaque plastic sheets and were exposed only for the purpose of root tracing. At the end of the experiment 74-87% of the total root length of the plants could be observed along the transparent wall of the growth chamber and traced on celluloid transparencies. Root systems could be clearly distinguished from one another.
 ,    
The plants were grown at 25 ° C under continuous 170 µ mol m − 2 s − 1 PPFD of cool-white fluorescent light. The plants were alternately watered with deionized water and 0.1 Hoagland solution (Hoagland & Arnon 1950) at 3-day intervals. Lateral roots were counted if they were longer than 0.5 mm. Root lengths and average diameters that also served to calculate root surface areas were recorded by scanning the freshly harvested roots using DT-Scan software (Delta-T, Cambridge, UK). Dry biomass was estimated after drying the plants at 70 ° C in a ventilated oven for 3 days.
Statistical analyses were conducted using SYSTAT 10.0 (SPSS 2000). All dependent variables met the assumptions of parametric statistics. We used one-way Each target root faced a self root on one side and a non-self root on its other side. ALIEN plants were similarly arranged but both neighbouring roots belonged to non-self plants. Plants were added on both sides of the target plants to avoid edge effects. Roots were directed by 4-mm thick Plexiglas spacers along the initial 50 mm of their length and could develop freely thereafter. When emerging from the spacers the roots were 25 mm away from their neighbouring roots.
 s to test differences among treatment averages (randomly assigned pots). Differences between individual treatment averages were further estimated using Fisher's LSD comparisons. Paired t -tests were used to analyse differences in root development towards self and non-self neighbours.
Results

 / - 
The results indicate that the identity of neighbouring roots could be important for the determination of root development. By the end of the experiment, root development was significantly greater in NON-SELF than SELF treatments (Table 1) . NON-SELF roots had, on average, 24% more lateral roots, 17% greater root length, 17% greater root diameter, and 71% greater biomass (Table 1) .
   / - 
Although a significant difference between INTACT double plants and TWINS (severed, but from same plant) could be found only in number of lateral roots and root mass, all root growth variables were greater in TWINS than in INTACT plants (Fig. 4) .
The greatest root development was, however, observed in the ALIEN treatment (27% more roots, 76% greater total root surface, and 57% greater biomass than INTACT plants, Fig. 4 ), pointing at a general possibility of the involvement of allogenetic recognition.
Nevertheless, as both plant halves in INTACT and TWINS originated from the same individual, the increased root development in TWINS (Fig. 4) indicated self/non-self discrimination that was at least partly based on physiological coordination among roots that developed on the same plant, rather than allogenetic recognition.
  / - 
No dead roots, overlapping roots or direct root contacts among separate root systems were observed throughout the 18 days of the experiment. Such contacts would have been expected had the roots been insensitive to their neighbours.
Discriminatory root development depended on whether the plants were intact or severed. INTACT plants developed 22% more and 86% longer lateral roots towards non-self than towards self neighbouring roots (Fig. 5) . In contrast, pairs of severed plants developed similarly towards their neighbours, regardless of whether these neighbours originated from the same plant (TWINS) or different plants (ALIEN) (Fig. 5 ).
Discussion
Our results show that Pisum sativum plants appear to be able to differentiate between self and non-self neighbours and develop fewer and shorter roots in the presence of other roots of the same plant. This self/non-self discrimination has a vectorial component whereby plants develop more and longer roots towards roots of Table 1 Self /non-self discrimination in Pisum sativum seedlings as expressed by various root growth variables. Scores represent triplet means (± SE), n = 20 per treatment. Analyses are for one-way s between SELF and NON-SELF treatments (Fig. 4) and the dependence of the discrimination on the physiological integrity of the plants (Fig. 5 ) suggest that at least some of the observed self/ non-self discrimination was mediated by physiological coordination among roots that developed on the same plant rather than allogenetic recognition. However, the greater root development in ALIEN compared with TWINS implies that the theoretical existence of an additional, allogenetic recognition mechanism in Pisum roots cannot be ruled out. Nevertheless, the following evidence suggests that the probability of the existence of such allogenetic mechanisms is low.
• There is good evidence that Pisum sativum cultivars are genetically uniform (e.g. Mendel 1866; Rathore et al . 1993) . Genetic uniformity of the experimental plants would mean that the observed self/non-self discrimination could not be due to allogenetic recognition.
• Vectorial root discrimination was observed in spite of the fact that none of the neighbouring roots ever contacted each other. Known allogenetic recognition mechanisms are based on direct contacts and involve highly specific cell-surface determinants (e.g. Grosberg & Quinn 1989; Dixit & Nasrallah 2001) .
• Complex organic 'identifying molecules', such as glycoproteins that are known from self-incompatibility systems (Dixit & Nasrallah 2001) , can be expected to be susceptible to rapid decomposition by soil bacteria and fungi (Kjoller & Struwe 1989) . This makes chemically based allorecognition of roots highly unlikely.
• Plants of totally different genotypes (even across plant families) can generally be grafted to each other (e.g. Sinnott 1960; Jones 1969 ) and roots of some plants are known to cross-graft spontaneously in the wild (e.g. Basnet et al . 1993) . It can be expected that the existence of chemical allorecognition systems would prevent such grafts.
Although additional work is needed to ascertain the precise mechanism by which roots of the same physiological individual avoid self-competition (or increase allocation to non-self competition), coordination among organs belonging to the same physiological individual is well documented for the development of shoots and roots (e.g. Sachs 1991), different shoots (Snow 1931; Novoplansky et al . 1989; Novoplansky 1996) , and roots (e.g. Snow 1938; Gersani & Sachs 1992) . Physiological mechanisms have also been mentioned in relation to the avoidance of self-inhibition (rather than the opposite effects seen here) between roots of the same plant in Ambrosia dumosa (Mahall & Callaway 1996) . Physiological coordination among organs that develop on the same plant is known to be controlled by hormones such as auxin and cytokinins that can be readily transported within intact plants (Sachs 1991) . We can offer the speculation that the individual specificity of roots depends on individual hormone(s) and/or electrical oscillations (Goodwin & Cohen 1969 ) that might be perceived by neighbouring roots without direct contact. The perception of 'self' signals might be based on resonant amplification of oscillatory signals in the vicinity of other roots of the same individual plant. Such resonant amplification could not occur in roots that are not oscillating at the same rhythm. The morphogenetic role of hormone and electric oscillations was indicated in internal processes such as xylogenesis in the cambial region of pine trunks (Kurek 1992 ) and root development (Souda et al . 1990 ). Interestingly, endogenous electric currents can be perceived and monitored outside roots (Weisenseel et al . 1992) . Regardless of the precise nature of the coordination mechanism among roots that develop on the same plant, it is reasonable to assume that the same internal signals (e.g. hormone oscillations) are retained in the roots for some time after they are no longer physiologically integrated. This might explain why TWINS plants that were separated just before the onset of the experiment demonstrated relatively weaker self/nonself discrimination than ALIEN plants that originated from different individuals (Figs 4, 5) .
It is suggested that the demonstrated self/non-self abilities are ecologically advantageous because they help plants avoid wasteful allocation of resources to competition with self. The ability to discriminate between roots of the same plant and roots of other plants could reduce allocation to competition with self and allow greater resource availability for other functions, including greater reproductive outputs (Gersani et al . 2001) . Our results are consistent with the findings of Gersani et al . (2001) and , representing a new 'root communication' phenomenon whose implications complicate existing allocation models. Accordingly, root development is expected not only to increase under limitation of root resources (Bloom et al . 1985; McConnaughay & Coleman 1999) , but also when non-self competition is perceived.
We suggest that the advantages of self/non-self root discrimination might be especially high in clonal plants that form physiologically integrated groups of closely spaced ramets (e.g. Herben & Hara 1997; . Although the ecological rationale of plant clonality is often attributed to the ability of integrated clones to cope with, and take advantage of, environmental heterogeneity (Jackson et al . 1985; van Groenendael & de Kroon 1990; de Kroon & van Groenendael 1997; Alpert et al . 2003) , our findings imply an additional role of clonal integration: avoiding competition among members of the same clone. Accordingly, it could be predicted that physiological coordination and avoidance of competitive interactions with self would be the greatest among closely spaced members of the same clone that are potentially in direct competitive interaction with each other.
